The effect of vortex generators in the form of tabs on the penetration and spreading of a jet in a cross-flow has been studied experimentally. It is found that the tab has very little effect when placed on the leeward side, i.e., on the downstream edge of the jet nozzle relative to the free-stream flow.
I. INTRODUCTION
The effect of vortex generators in the form of tabs on free jets has been investigated in several previous studies (Ahuja and Brown, I Zaman etal.2) . The tabs produce streamwise vortex pairs, which, with a suitable combination, can be quite effective in increasing the mixing and spreading of free jets. The increase in jet spreading produced by the tabs has been shown to exceed that achieved by other methods, e.g., through the use of asymmetric nozzles or artificial excitation. 3 The tabs are also just as effective at supersonic conditions as they are at subsonic conditions. These results
prompted an investigation to determine if the tabs would also promote mixing for a jet in a cross-flow (Liscinsky et al.4) , a configuration that is essential in combustors as well as many other engineering applications. Based on past studies, (e.g., Keffer and Baines; 5 Kamotani and Greber; 6 Fearn and Weston; 7 Moussa et al.; 8 and Fric and Roshk09) , it is well known that a main feature of a jet in a cross-flow is the formation and persistence of a pair of counter-rotating vortices, sometimes referred to as the "bound vortex pair." There are other characteristic vortex systems in the flow that may depend on the jet/cross-flow velocity ratio in a complex manner. 9-_2 The bound vortex pair, however, is a dominant feature, which, detectable even in the time-averaged flow field at all velocity ratios, persists hundreds of diameters from tile nozzle (Pratte and BainesJ3).
A cursory study of the sense of rotation of the bound vortex pair and that of a vortex pair generated by a tab suggests that the tab would be most effective when placed, relative to the cross-stream flow, on the downstream edge of the nozzle.
Then the vortex pair generated by the tab would be expected This provided the motivation for the present investigation. A set of experiments were planned with the objectives of independently verifying the ineffectiveness of the tab tbr a jet in a cross-flow, carrying out detailed measurements on the distributions of vorticity and other flow field properties, and attempting to provide an explanation.
II. EXPERIMENTAL FACILITY AND PROCEDURE
The experiments were conducted in a low-speed wind tunnel with a 76 cm×51 cm test section. The open circuit, induction-type, tunnel had a 16:1 contraction section at the inlet, which, together with five screens, yielded a flow with less than 0.1% turbulence intensity. As shown in Fig. 1 , a 2.23 cm diam (D) jet discharged normally from the floor of the test section. The nozzle exit was located 0.45 m from the end of the tunnel contraction section. The approach boundary layer was inferred to be laminar, with an estimated momentum thickness of about 0.03D, at operating conditions typical of the present study. The air flow for the jet was routed through a small plenum chamber fitted with flow conditioning units. The velocity profiles at the nozzle exit, with no flow in the wind tunnel (UT=0), were found to be uniform (top hat). This is shown by the data in Fig. 2 (i_ -p,), Ir,_ jet plenum pressure (P jet) with tunnel speed while a constant flow rate for the jet is maintained;
here Pa is ambient pressure outside the tunnel. Since the tunnel is an induction-type one, subambient pressure exists within the test section when the tunnel flow is on. Thus, a drop in P jet is expected for the constant differential pressure required to maintain the constant flow rate. However, the drop in P jet is found to be much more than the expected drop in the tunnel pressure. For example, at Ur=6.77 ms -1, P jet has dropped by 86 Pa, whereas the tunnel pressure should be only 28 Pa below ambient. The observed pressure drop is further discussed in Sec. III.
While the area blockage due to each tab was 2.8% of the nozzle exit area, the actual fluid dynamic blockage was relatively more for the apex-down case. This is expected because the flow upstream of the tab in that case is brought to a halt, whereas for the apex-up case the flow is only slowed down.
The higher blockage resulting in a lower flow rate for the former tab case can be seen in the data presented in Fig. 4 . In the flow regime under consideration, the blockage was determined to be nominally 5.5% and 1.5% for the apex-down and apex-up cases, respectively. Figure 5 shows the mean velocity and streamwise vorticity distributions measured at two xlD locations for J=21
III. RESULTS AND DISCUSSION
for the no-tab case. The mean velocity distributions reveal the characteristic "kidney shaped" structure.
A rising column of low momentum fluid pushes into the band of higher momentum jet fluid rendering the latter into the characteristic kidney shape. Such a shape has been observed in many previous studies for velocity distributions, 6-8 as well as for temperature distribution in nonisothermal flows, 6 and concentration distributions in chemically reacting and nonreacting flows, t5'_6
The tox data in Fig. 5 clearly identify the counterrotating "bound vortex pair." Initially, the vorticity is concentrated in two arcs spanning the shear layer regions on either side of the symmetry plane. Farther downstream, vorticity on each side migrates to form the rounded cores of the bound vortex pair. The solid and the dashed oJx contours represent anticlockwise and clockwise rotations, respectively. Thus, the sense of the bound vortex pair is such that fluid from underneath is ingested and ejected upward. It may be recalled here, with reference to previous work on free • ") jets," that the pair of streamwise vortices generated by a tab has a sense of rotation such that fluid from near the base of the tab is forced toward the apex, i.e., toward the core of the jet. Therefore, it should be apparent that the vortex pair generated by the tab, placed on the leeward side, would be of the same sense as that of the bound vortex pair. This led to the expectation, as stated in the Introduction, that the tab placed on the leeward side ought to strengthen the bound vortex pair. Conversely, a tab placed on the windward side would be expected to weaken the bound vortex pair.
It may also be observed that the peak values of vorticity in Fig. 5 , when nondimensionalized as _oxD/V j, are about 0.3 and 0.1 at x/D=2 and 8, respectively. These vorticity magnitudes are comparable to those produced by a tab in a free jet. 14 Thus, it is natural to expect that the tab would have a significant impact on the vorticity field of the flow under consideration, augmenting or cancelling the bound vortex pair when placed on the leeward or the windward side, respectively.
The effect of tab(s), placed in various configurations, on the mean velocity distribution is shown in Fig. 6 . As mentioned before, the tab configuration in each case is shown by the inserted sketches; the arrow denotes the cross-flow direc- the leeward side, were used. Apparently, the effect of the tab on the windward side prevailed in that configuration.
In the case of Fig. 6(d) , one finds that the velocity distribution has been drastically upset. This has occurred presumably due to a slight asymmetry in the placement of the tabs. Such a sensitivity is interesting, and although it remains far from clearly understood, it delineates the potential for flow control via appropriate manipulation of the nozzle exit.
In this regard, it is noteworthy that visualization experiments reported by Wu et al._°also demonstrated an acute sensitivity of the jet structure to nozzle shape, orientation, as well as to periodic perturbation.
Experiments at the higher J(=54) yielded essentially similar results. As shown in Fig. 7, two From the vorticity data an estimate of the overall _, Fig. 11 . Data at the upstream locations for some of the cases had to be omitted because segments of the vortices near the tunnel floor were missed by the measurement plane (see, for example, the 6ox data at x/D--2 in Fig. 5 ).
In the immediate vicinity of the nozzle, one might expect that the value of F would approach zero because the x component of vorticity associated with the bound vortex should be zero initially. Thus, the magnitude of F, for all the cases in Fig. 11 , has gone through a sharp increase shortly down- stream of the nozzle while the jet has been bent by the crossstream. Thereafter, a gradual decrease in the value of F takes place with increasing x apparently due to the action of turbulent diffusion. Most remarkable is the fact that the tab, at either value of J, has substantially reduced the strength of the bound vortices.
The bound vortex strength for the tab cases of Fig. 6 is now examined in a similar manner. The values of F, from each half of the symmetry plane, for the six cases of Fig. 6 are listed in Table I . A significant reduction in the bound vortex strength is again obvious when the tab is placed on the windward side. [As discussed earlier, the lower values in (e) and (f) are partly due to the fact that small segments of the vortices near the tunnel floor were missed by the measurement range.] Note that in case (d), the negative circulation dominates, implying a significant net clockwise circulation over the entire jet cross-section. This is consistent with the clockwise tilting of the velocity distribution seen in Fig.  6(d) . Presumably, this has occurred due to minor nonsymmetry in the placement of the two tabs, again, demonstrating the sensitivity of the vortex system to slight perturbations at the jet exit. Note also from Table I that sides where the two bound vortices are apparently anchored. ]9 The low pressures all around the nozzle, except for a narrow segment on the windward side, occur presumably because of the streamline curvature associated with the jet itself and the cross-stream flow going around it.
It is the low static pressure that is thought to cause the ineffectiveness of the tab when placed on the leeward side. The main source of streamwise vorticity from a tab is a "pressure hill" generated just upstream of the tab. The lateral pressure gradients of the hill together with the presence of the nozzle wall become the source for the pair of counterrotating vortices, 2 For the present flow, the already existing lower pressure on the leeward side negates the formation of a pressure bill with large amplitude. In a simplistic sense, referring back to the p(z) distribution in Fig. 12 for the leeward side, it can be seen that the tab has to generate a pressure hill where there already exists a pressure valley. Thus, a resultant pressure hill with diminished amplitude renders the tab less effective. A comparable example is an overexpanded supersonic jet flow.'-Depending on the extent of overexpansion, even an adverse pressure gradient may exist near the nozzle wall at the exit plane. The tab in that case does not produce a pressure hill and becomes completely ineffective. It should be noted that the complete ineffectiveness of the tab in the present case, when placed on the leeward side, is somewhat surprising. An inspection of the pressure data at the given J makes it apparent that the tab placed at that location should still produce a pressure hill of considerable amplitude, and thus, there should be some effect. The virtual ineffectiveness is probably due to subtle complexities in the flow at the nozzle exit, which are not yet fully understood.
In contrast to the effect on the leeward side, the positive static pressure on the windward side augments the pressure hill and explains the effectiveness of the tab when placed there• The tab in this case, as discussed earlier, however, generates vorticity with a sense counter to that of the bound vortex pair. The amplitude of the latter pair is thus diminished and the jet penetration reduced. Note that such an ef- fect may in fact reduce mixing of the jet with the cross-flow, and the impact on mixing for a given jet penetration with and without the tabs remains to be explored. The reasoning provided in the foregoing, however, qualitatively explains the primary effects.
IV. CONCLUSION
The present results confirm the ineffectiveness of the tab when placed on the leeward side of the nozzle issuing the jet into the cross-flow, as reported by Liscinsky et al. 4 A study of the static pressure distribution provides an explanation.
The region in the vicinity of the leeward side of the nozzle is characterized by low static pressures. Thus, when placed on that side, the tab generates a "pressure hill" with a severely diminished amplitude. Since the pressure hill is the primary source of streamwise vorticity in the flow over a tab, the diminished amplitude qualitatively explains the ineffectiveness of the tab. Comparatively, a significant effect is observed when the tab is placed on the windward side. As expected, the tab in this configuration weakens the bound vortex pair. This in turn reduces the penetration of the jet. 
